An investigation into the behaviour of a contaminated clay soil and its treatment was showed that adding cement to contaminated soil increases the strength and the amount of increase in strength is dependent on the percent of cement, curing time and degree of contamination. Based on SEM analysis, it was found that the presence of glycerol prevents from interaction between soil and cement.
Introduction
Improving the mechanical behaviour of clay soils by stabilization is a means of fulfilling geotechnical design criteria. The methods of stabilization can be divided into chemical and mechanical techniques. Chemical stabilization includes the addition of additives such as lime, cement and fly ash to the soil. These chemical agents cause chemical reactions to occur in the soil water that stabilizes the soil. The use of lime as a stabilizing agent has been a popular method during the last few decades because it decreases the volume change of expansive soil and improves the mechanical behaviour of soil (Chen 1975; Bell 1993; Muntohar and Hantoro 2000) . By adding lime to clay soil a number of mechanisms may be responsible for changes in the properties of soil (such as plasticity index, liquid limit, swelling potential and strength). They include cation exchange and pozzolanic reaction. These reactions cause binding of the particles of clay, reducing the clay content and increasing the percentage of coarse particles. Cement is another chemical agent that is used for stabilization. Sezer et al. (2006) , Bahar et al. (2004) and Miller and Azad (2000) showed that the role of cement is similar to lime in stabilization.
Soil can be contaminated by organic materials due to leakage from underground or aboveground storage tanks and accidental spills. The response of soil to the contaminants not only depends on the local environment but it is also influenced by factors such as particle size, bonding characteristics between particles and ion exchange capacity. The transport of contaminant components from soil into ground water can cause serious problems. Stabilization of contaminated soil can be achieved by adding agents such as fly ash, lime and cement or combination of them. The stabilization of contaminated soil is usually performed to prevent from contaminant transport to ground water, to reduce the mobility of the contaminant in soil, or to change the contaminant into a non-toxic form. This procedure is called stabilization and solidification of contaminated soil. The ultimate aim of this method is to reduce the concentration of contaminant in soil (Wiles 1987; Cullinane and Jones 1989 and Vipulanandan 1995) . Young (1972) reported that all organic compounds can prevent from cementation. Tremblay et al. (2002) showed that humic acid can effectively retard the hydration process of cement. On the other hand, some studies have indicated that organic soil can be successfully treated by using cementing agents (e.g., Ogino et al. 1994; Parkkinen 1997; Hoikkala et al. 1997 and den Haan 1998). Meegoda and Muller (1993) and Meegoda et al. (1998) studied the use of petroleum contaminated soil as construction material. Tuncan et al. (2000) concluded from experimental tests on petroleum-contaminated soil with 5% cement and 10% fly ash that adding these chemical agents (cement and fly ash) causes increase in the strength of petroleum-contaminated soil. Tremblay et al. (2002) studied the effect of cement on treatment of two types of clay soil contaminated with different organic matters (e.g., acetic acid, humic acid, kersone). Their results showed that some of these organic matters prevent from treatment of soil by cement. Tremblay et al. (2002) concluded that the effect of pH of the pore solution and the coating of the soil particles by organic matter are important factors that influence the strength of stabilized soil. Gussoni et al. (2004) conducted experimental tests by proton nuclear magnetic resonance (NMR) imaging to investigate the cementation and hardening of cement in the absence and presence of organic matters in the soil. They found that a considerable delay occurs in the cement hardening when organic matters are present in the soil. Organic compounds affect the cement hydration by retarding reaction via formation of a protective film around the cement grain, hindering the production of calcium hydroxide and accelerating the reaction via modification of colloidal C-S-H (C=CaO, S= SiO 2 , H=H 2 O) gel precipitated at very early stages around cement grains (Edmeades and Hewlett 1988) . Hassan et al. (2005) studied the behaviour of a petroleum-contaminated soil and concluded that the contaminated soil can be stabilized with cement as an agent and used for road construction.
The engineering behaviour of soil, soil-cement, or soil-cement mixed with contaminant depends upon its existing structure. The term structure is used to mean the geometrical arrangement of different particles within a soil mass. Clay soils have two structures namely micro-and macro-structures. The physical and chemical interactions influenced by active clay minerals occur within microstructure.
Significant information about the structure of soil can be obtained with advent of scanning electron microscopy (SEM). SEM is now widely used for explanation of different types of soil behaviour (Collins and McGown 1974) . Some researchers such as Tremblay et al. (2002) , Botta et al. (2004) , Cai et al. (2006) and Yazdandoust and Yasrobi (2010) used the SEM analysis for observing the microstructure of soil samples under different conditions (contaminated, mixed with cement, etc) and for explaining their observed behaviours.
The use of contaminated soil and its stabilization can be considered in earthworks such as embankments, backfills and roads if there is no pathway for leaching of contaminants to underground water or if the contaminants pose no risk to the public and the environment. In some areas the native soil is contaminated with hydrocarbon substances. For performing projects in such areas, because of the haulage distance to suitable soil and economic considerations, often the use of local soil is dictated for construction. Thus, the treatment and stabilization of local soil must be considered.
On the other hand, in some areas where the soil has been contaminated and the treatment is not economic, for the design of a project in these areas the effect of the contaminating substance on the soil behavior should be evaluated. Therefore, understanding the mechanical behavior of contaminated soils and their treatment is important.
Review of the literature shows that there has been considerable amount of research on the effect of chemical agents on the stabilization and solidification of contaminated soil. However, there has been very limited research on the stabilization of this kind of soil as a construction material for construction of roads, backfills and embankments.
Therefore, the aim of this work is to evaluate the effect of cement on the treatment of a clay soil contaminated with different percentages of glycerol. The investigation is comprised of two stages. In the first stage, the mechanical behaviour of a clay contaminated with different amounts of glycerol (3, 6 and 9%) with concentration of 40 % is studied and the results are compared with natural soil. In the second stage different percentages of cement (3, 6 and 9%) are added to natural and contaminated soil and the results are compared to study the effect of different cement contents on the behaviour of contaminated soil for different amounts of contamination and different curing times.
Material and testing programme
The main materials used in this work were soil, cement and glycerol. The properties of these materials are described in this section.
Soil
The soil used in this experimental work was a clay. It was composed of 23% sand, 52% silt and 25% clay. It had a liquid limit of 47.0% and plasticity index of 22.6%.
The optimum water content in standard compaction test was 16.33% dry unit weight was 17.75 kN/m 3 , and the specific gravity of solids (G s ) was 2.70. According to the Unified Soil Classification System (USCS), the soil can be classified as clay with low plasticity (CL). The chemical properties of the soil are shown in Table 1 .
Cement
The cement used in this study was Portland type 1 with specific gravity of 3.15. It had a Blaine fineness of approximately 4100 cm 2 /g. The physical and mechanical properties of the cement and its chemical composition are shown in Tables 2 and 3 .
Glycerol
Glycerol was considered as the contaminating organic material. Glycerol (propane-1,2,3-triol) is an oxygenated organic compound that has been successfully and widely used in the chemical industry in the last decades. Major applications of glycerol can be found in the detergents industry as well as in drugs and pharmaceuticals production. The dielectric constant, absolute viscosity and mass density of glycerol were 40.1, 1.31 (cp) and 1258.02 (kg/m 3 ) according to the information provided by the supplier. In this work a solution of glycerol with concentration of 40% was used.
Preparation of samples
The samples that were used consisted of natural soil, soil-cement, soil contaminated with glycerol and soil contaminated with cement. In preparation of the samples contaminated with glycerol, the degree of contamination was specified as the percentage weight of contaminant with respect to mixture of air-dried soil with contaminant. The degrees of contamination of 3, 6 and 9% were considered for preparing the contaminated samples. The selection of 3% as degree of contamination was according to the State of New Jersey classification of soil with an oil concentration above 3% as hazardous waste (Pincus et al. 1995) . The calculated weight of glycerol with 40% concentration with degrees of contamination of 3, 6 and 9% was sprayed on 6 kg of soil. The soil was poured in flat layers with thickness of about 50 mm in a tray. A pre-specified volume of fluid was sprayed on each layer and mixing was done carefully. The soil was then flattened and the next layer with the same thickness was added on it and spraying and mixing was repeated. This procedure was repeated until the last layer. After that, all layers were mixed and covered with a nylon to prevent evaporation. After a few days a number of samples were taken randomly and their water contents were measured to ensure the homogeneity and uniform distribution of moisture in the whole soil. The mixing was done in a covered tray. The mixture was then kept in sealed plastic bags for one week so that the soil and glycerol came to equilibrium condition. The natural soil was also mixed with different percentages (3, 6 and 9% of mixture of air-dried soil with cement) of cement. The mixtures of soil, glycerol and cement were prepared by mixing the contaminated soil (that was prepared previously) with 3, 6 and 9% cement.
Standard compaction tests were conducted on these mixtures (natural soil, contaminated soil, soil-cement and soil-cement with glycerol). The maximum dry unit weight and optimum water content were determined for each of the materials. The samples for the main tests were prepared by static compaction in three layers at their respective maximum dry unit weight and optimum water content that were obtained from standard compaction test. In order to prepare the different samples for unconfined compression tests, the natural soil, glycerol, cement and water were weighted with accuracy of 0.1 gr. They were mixed in a container and water was added up to optimum water content. All mixing was done manually and proper care was taken to prepare homogenous mixtures at each stage of mixing. Static compaction was used for preparing cylindrical samples. The mixtures were compacted under the predefined target pressure in three layers at the rate of 1.5 mm/min until the maximum dry unit weight (according to standard compaction test) was achieved. The length and diameter of the prepared samples were 100 and 50 mm respectively. After compaction the soil-cement samples with and without glycerol were stored in a curing cabinet at constant temperature and relative humidity according to the ASTM D1632 (2007) standard for curing times of 3, 7, 14 and 28 days. Three samples were prepared for each specific soil (natural soil, contaminated soil, soil-cement with and without contaminant) and different curing times.
Experimental tests
Atterberg limit tests were conducted according to ASTM D4318 (2010) Fig. 2 shows the stress-strain curves for the soil and the soil with different percentages of glycerol (3, 6 and 9%). As shown in this figure, adding glycerol to the soil resulted in increasing ductility of the soil and decreasing its strength. The strength of the soil sample before failure was 417.5 kPa at 2.46% strain, but for the samples with 3, 6 and 9 % glycerol the strength changed to 265.2, 215.7 and 188.5 kPa at axial strains of 3.62, 5.9 and 5.14 % respectively. The results show that although adding glycerol caused a reduction in strength but the ductility of the soil was increased. The initial slope of the stress-strain curves was reduced by adding glycerol to the soil which shows reduction in stiffness of the contaminated soil. The position of the stress-strain curves is in the order of the percent of glycerol; so, the higher the percent of glycerol the greater is the reduction in the strength of the soil.
Typical stress-strain curves for the soil and the soil-cement with 3% cement at different curing times are shown in Fig.3 . It can be observed that the addition of cement and the resulting cementation of soil particles increased the strength of the soil. Failure was defined as the peak point of the stress-strain curves. The peak strengths were 417.5 kPa for the soil and 556.5 kPa for the soil-cement at 28 days curing time at strains of 2.46 and 1.6 % respectively. Similar results are shown in Fig.4 for different percentages of cement (3, 6 and 9%) at curing time of 14 days; so the strengths for 3% and 9% cement were 561 and 1678 kPa, respectively. These data show that the peak strength and brittleness of the soil-cement increased with increasing the percent of cement. As shown in this figure (Fig.4 ) the axial strain for soil-cement is less than the soil. This condition is observed for the soil-cement in comparison with the natural soil and contaminated soil. This is more obvious with increasing the percent of cement and also with increasing the curing time at constant cement content. This is due to the brittle behavior that develops in the soil by adding cement or increasing the curing time that causes the failure to occur at small strains.
This behavior was also reported by Estabragh et al. (2012) . Fig.5 shows the stressstrain curves for natural soil and soil contaminated with 3% glycerol after adding 3% cement for different curing time. As shown in this figure, with increasing the curing time the strength and stiffness of the soil increased. The effect of different cement contents (3, 6 and 9%) on contaminated soil with 3% glycerol for curing time of 7 days is shown in Fig.6 . The strengths of the contaminated soil with 3, 6 and 9% cement are 558, 915 and 1420 kPa respectively. It is resulted that the strength of the soil-cement contaminated with 3% glycerol increased with increasing the curing time and percent of cement.
Discussion
As shown in Table 4 glycerol is dependent on the percent of cement so, the higher the percent of cement, the greater is the reduction in the consistency limits. Table 4 also shows that adding cement to the soil contaminated by glycerol causes reduction in the liquid limit and plasticity index. It is resulted that the cohesive behaviour of soil is reduced. Table 5 shows the maximum dry unit weight and optimum water content for the materials that were used in this study. As shown in this table, the maximum dry unit weight increased and optimum water content decreased for the soil contaminated with 6 and 9% glycerol but an opposite trend was observed for the soil contaminated with 3% glycerol. It can be said that adding 6 or 9% glycerol caused easy slippage of the particles over one another which resulted in the voids between the particles being reduced leading to increase of maximum dry unit weight and decrease of optimum water content. This trend was not observed for the mixture of soil with 3% glycerol. It can be said since the compaction energy was the same for different mixtures of glycerol with soil, for the soil with 3% glycerol more energy would be needed because the friction between the particles is more than the soil with 6 and 9%
glycerol.
The results in Table 5 show that adding cement in different percentages (3, 6 and 9%)
caused decrease in maximum dry unit weight and increase in optimum water content compared with the natural soil but the amount of change is relatively small. The addition of cement causes flocculation of the clay particles which leads to decrease in maximum dry unit weight and increase in optimum water content. Similar results were reported by some other researchers such as Shen and Mitchell (1966) and Estabragh et al. (2011) . The variations of maximum dry unit weight and optimum water content for the contaminated soil with glycerol after adding different percents of cement are also shown in Table 5 . The results show that at a constant percentage of glycerol and different percentages of cement there is no significant variation in maximum dry unit weight but the variation of optimum water content is considerable.
The results show that the optimum water content decreases with increasing the percent of cement, particularly for 6 and 9% glycerol. The reduction in specific surface can cause reduction in optimum water content. These results are not in agreement with the results that were reported by Hassan et al. (2005) who indicated that adding cement to petroleum-contaminated soil causes reduction in maximum dry unit weight and optimum water content. However, dry unit weight that is resulted from compaction is a function of soil minerals, texture of clay soil, interaction of particles with pore fluid and the applied compaction energy (Croft 1967 ). and 360 kPa for curing times of 3, 7, 14 and 28 days respectively. It is shown that by increasing the curing time, the value of E is increased but is much less than soilcement without contaminant.
In this case the glycerol produces an organic phase in a gel form that links the particles together and fills the pores between the particles (Tremblay et al. 2002) . This increases the soil's stiffness and strength decreases its compressibility compared with the soil-cement without glycerol. Therefore, the strength of soil-cement is changed by adding glycerol. This is because by increasing the glycerol, it tends to cover the cement particles and prevent from hydration of the cement. Therefore, it is resulted that there is a reduction in the strength of soil-cement contaminated with glycerol by increasing the percentage of cement. At a constant percentage of cement the strength is increased with increasing the curing time.
It is generally accepted that the increase in strength of mixture of soil-cement is due to the hydration of cement and production of cementing materials. When cement is added to soil contaminated with hydrocarbons, different reactions may occur due to the organic matter that influence the strength of the soil. Pollard et al. (1991) and Vipulanandan (1995) cement with 3, 6 and 9% glycerol and also those with 3 and 6% cement with different percentages of glycerol are in the range of 11.6 to 12. Since the value of pH is more than 9 it cannot be effective in the reduction of strength of the mixture of soil-cement with different percentages of glycerol. Therefore adding glycerol to the soil-cement does not produce acid environment in the mixture for softening and reduction of the strength of samples. Fig.9 shows similar results of compressive strength at different curing times for different amounts of glycerol at constant cement content. As shown in Fig.9a , for the soil cement with 3% cement content, the strength is increased by increasing the amount of glycerol up to 3% beyond which, further increase in glycerol leads to reduction in strength. Up to a certain limit (3%) glycerol helps to increase the strength by filling the pores of the soil and linking the particles. This trend is also observed in Fig.9b for the mixture of soil with 6% cement where the increase in strength is observed up to 3% glycerol. However for the mixture of 9% cement (Fig.9c) there is a slight increase in strength up to 3 % glycerol and beyond 3 % glycerol a similar trend of reduction in strength is observed. As mentioned above, in these cases the reduction in pH reduces the hardening of the sample and results in reduction of strength. These findings are in agreement with the results that were reported by Hassan et al. (2005) . They concluded from strength tests on a petroleum contaminated soil mixed with 5, 10 and 15% cement for different curing times (7, 14 and 28 days) that the strength is increased for 5% cement. They found that there is no considerable increase in strength for other curing times; even for curing time of 28
Figs 10a and 10b show the micrograph for natural soil and soil contaminated with 6%
glycerol. As shown in Fig.10a the flocculating structure is very obvious for the natural soil but Fig.10b shows a flocculated structure in which the pores between particles have been reduced. It can be said that the viscosity of glycerol caused the reduction in friction between particles and allowed them to move more easily. A micrograph of mixture of soil with 6% cement is shown in Fig.10c . This micrograph shows the flocculated structure of soil cement where the cementing products with lamellar form create trellis like structure on and between the particles of soil. They are mainly calcium silicate hydrates as reported by Choquette et al. (1987) . Fig.10d shows a monograph of treated contaminated soil with 6% cement. As shown in this figure the soil appears in lamellar shape; a part of the cement appears to have linked some soil particle together.
This study shows that it is possible to treat clay soils contaminated with organic
matters. An important factor that should be considered is the different percentages of organic contaminating matter that can change the results and treatment. A high degree of contamination may produce a harmful effect, while at low degree of contamination there is no effect on the process of cementation and treatment of soil.
Conclusion
Behaviour of a contaminated clay soil and its treatment with cement was studied.
Based on the experimental results the following conclusions can be drawn:
1-The strength and stiffness of contaminated soil are decreased with increasing the degree of contamination.
2-Adding cement to contaminated soil increases its strength. The amount of increase in strength is dependent on the percent of cement, curing time and degree of contamination.
3-For a constant cement content, increasing the degree of contamination beyond 3 % caused a reduction in strength of the soil.
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